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Summary
Just as the size of an organism is carefully controlled, the
size of intracellular structures must also be regulated. The
mitotic spindle is a supramolecular machine that generates
the forces which separate sister chromatids during mitosis
[1]. Although spindles show little size variation between
cells of the same type, spindle length can vary at least
10-fold between different species [2]. Recent experiments
on spindle length showed that in embryonic systems spindle
length varied with blastomere size [3]. Furthermore,
a comparison between two Xenopus species showed that
spindle length was dependent on some cytoplasmic factor
[4]. These data point toward mechanisms to scale spindle
length with cell size. Centrosomes play an important role
in organizing microtubules during spindle assembly [5].
Here we use Caenorhabditis elegans to study the role of
centrosomes in setting spindle length. We show that spindle
length correlates with centrosome size through develop-
ment and that a reduction of centrosome size by molecular
perturbation reduces spindle length. By systematically
analyzing centrosome proteins, we show that spindle length
does not depend on microtubule density at centrosomes.
Rather, our data suggest that centrosome size sets mitotic
spindle length by controlling the length scale of a TPXL-1
gradient along spindle microtubules.
Results and Discussion
After fertilization of a Caenorhabditis elegans oocyte, the
zygote undergoes a program of mitotic cell divisions. With
each division the cells get smaller due to size constraints
imposed by the eggshell. To see how spindle length re-
sponded to these changes in cell size, spindles were imaged
through the early embryonic divisions. We defined half spindle
length as the distance from the center of the centrosome to the
center of the chromatin at metaphase, and used g-tubu-
lin::GFP and histone-H2B::GFP to mark centrosomes and
chromatin, respectively. This analysis revealed that spindle
length decreased with each mitotic division (Figure 1A), and
that there was a strong correlation between spindle length
and cell volume (see Figure S1A available online) (p < 0.005).
We then looked at how other parameters of the mitotic
spindle responded to changes in cell volume through the early*Correspondence: julicher@pks.mpg.de (F.J.), hyman@mpi-cbg.de (A.A.H.)embryonic divisions. No significant correlation was observed
between kinetochore amount and cell volume (Figure S1B)
(p > 0.05), or metaphase plate height and cell volume
(Figure S1C) (p > 0.05). In contrast, when we quantified centro-
some diameter by using a Gaussian fit, we found a highly
significant correlation with cell volume (Figure S1D) (p <
0.005). Moreover, an examination of the relationship between
centrosome diameter and spindle length revealed a strong
correlation, using either g-tubulin::GFP Figure 1B (p < 0.005)
or SPD-5::YFP (Figure S2) (p < 0.005) to mark centrosomes.
The correlation we saw between spindle length and centro-
some size suggested a mechanism whereby centrosome size
could be used to set spindle length. To test this idea, we used
RNA interference (RNAi) to reduce centrosome size, and moni-
tored the effect on spindle length. Both RNAi by injection and
RNAi by feeding were used in this work (Experimental Proce-
dures). We first used spd-2(RNAi) to gradually reduce the
size of the centrosomes during the first cell division. SPD-2
is one of the core centrosome components required for the
accumulation of all known centrosome components [6, 7],
and its depletion from the one-cell embryo results in small
immature centrosomes and failed spindle assembly [8, 9].
Although SPD-2 has a role in centriole duplication, it has
been shown that centrosomes containing a single centriole
nucleate wild-type levels of microtubules [10]. A spd-2(RNAi)
time course in embryos expressing g-tubulin::GFP and
histone-H2B::GFP did indeed result in progressively smaller
centrosomes, and this correlated strongly with a decrease in
spindle length (Figure 1C) (p < 0.005).
A second method to reduce centrosome size took advan-
tage of our understanding of centriole duplication. A partial
RNAi depletion of one of the proteins required for centriole
duplication, SAS-4, generates spindles with differently sized
centrosomes in the two-cell-stage embryo [11]. We could
therefore compare the two half spindle lengths of a bipolar
spindle that have differently sized centrosomes. Using g-tubu-
lin::GFP to mark centrosomes, we analyzed a sas-4(RNAi) time
course in which the spindles became increasingly asymmetric.
Remarkably, we found that as centrosome diameter was
reduced, the corresponding half spindle length was also
reduced (Figure 1D) (p < 0.005). However, above a certain
centrosome size, spindles did not increase in length, suggest-
ing an upper limit to spindle length. Taken together, these data
show that centrosome size in C. elegans embryos can set the
length of the mitotic spindle. This also provides a mechanism
for the cell to create asymmetric spindles in which the two half
spindles are of different lengths. We see this in P2 spindles in
C. elegans embryos, but it is also seen inDrosophila larval neu-
roblasts, where the asymmetry of the spindle is thought to
determine the asymmetric position of the cleavage furrow [12].
To determine which centrosome components are involved in
setting spindle length, we looked for components whose
amount at the centrosome scaled directly with spindle length.
For each candidate protein, an RNAi time course was per-
formed in a worm strain that expressed a fluorescently tagged
version of the protein being targeted. One-cell-stage embryos
from an RNAi time course were imaged through the first mitotic
division, and then both the amount of GFP protein at the
0
1
2
3
4
5
6
7
8
9
 P0
 AB P1
 ABa P2(
 htg
n
eL
 
eld
nipS
 fl
a
H
m
)
m
A
0.5 1.0 1.5 2.0
3
4
5
6
7
8
9
Centrosome Diameter (mm)
B
 P0
 AB P1
 ABa P2
slope = 4.86 ± 0.2
(
 htg
n
eL
 
eld
nipS
 fl
a
H
m
)
m
0.5 1.0 1.5 2.0
3
4
5
6
7
8
9
 Wild-Type
 spd-2(RNAi)
(
 htg
n
eL
 
eld
nipS
 fl
a
H
m
)
m
Centrosome Diameter (mm)
slope = 4.48 ± 0.4
C
0.5 1.0 1.5 2.0
3
4
5
6
7
8
9
sas-4(RNAi) large
sas-4(RNAi) small
(
 htg
n
eL
 
eld
nipS
 fl
a
H
m
)
m
Centrosome Diameter (mm)
slope = 4.51 ± 0.5
D
Figure 1. Centrosome Diameter Correlates with
Spindle Length
(A) Half spindle length decreases through the
early mitotic divisions. g-tubulin::GFP and H2B-
histone::GFP embryos were imaged through the
early mitotic divisions, and half spindle length
was quantified at metaphase. Individual data
points are in color; the average is shown as
a black column. Insets: representative images.
The scale bar represents 10 mm.
(B) Centrosome diameter correlates with spindle
length through the early mitotic divisions. Centro-
some diameter was quantified in g-tubulin::GFP
(and histone-H2B::GFP) worms and showed a
strong correlation with half spindle length. Indi-
vidual data points are shown in color; a linear fit
is shown as a black line, slope = 4.866 0.2 (SEM).
(C) Reducing centrosome size with spd-2(RNAi)
results in smaller centrosomes and shorter
spindles. g-tubulin::GFP and H2B-histone::GFP
worms were subjected to a spd-2(RNAi) time
course. Quantification of centrosome diameter
and spindle length at metaphase in one-cell-
stage embryos showed a strong correlation.
Wild-type points are in green, and spd-2(RNAi)
points are in magenta; a linear fit to the spd-
2(RNAi) data is shown as a black line, slope =
4.48 6 0.4 (SEM). Insets: representative images.
The scale bar represents 10 mm.
(D) sas-4(RNAi) asymmetric spindles demon-
strate that reducing centrosome size reduces spindle length. g-tubulin::GFP and H2B-histone::GFP worms were subjected to a sas-4(RNAi) time course
and asymmetric spindles were generated in the two-cell-stage embryo. Quantification of centrosome diameter and spindle length at metaphase showed
a strong correlation. Large centrosomes are in blue, and smaller centrosomes are in orange; a linear fit to the small sas-4(RNAi) centrosomes is shown
as a black line, slope = 4.51 6 0.5 (SEM). Inset: representative images. The scale bar represents 10 mm.
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354centrosome and centrosome-to-centrosome distance were
quantified at metaphase.
We first investigated the role of g-tubulin, a centrosome
protein that is part of the complex required for efficient0 20 40 60 80 100 120
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Decreasing centrosome size with spd-2(RNAi) resulted in shorter spindles and
P0 embryos, TPXL-1::GFP fluorescence amount 100 A.U.6 8, spindle length 15.
in red; a linear fit is shown as a black line, slope = 0.073 6 0.02 (SEM).
Insets: representative images. The scale bars represent 10 mm.microtubule nucleation and organization [13]. After 12 hr of
g-tubulin(RNAi), w20% of wild-type g-tubulin::GFP protein
levels remain at centrosomes, but neither spindle length
(Figure 2A) nor centrosome diameter (data not shown) are80 100 120
at Centrosome (A.U.)
slope = 0.073 ± 0.01
80 100 120
at Centrosome (A.U.)
slope = 0.073 ± 0.02
Figure 2. TPXL-1 Amounts at the Centrosome
Are Proportional to Spindle Length
(A) A g-tubulin(RNAi) time course has no effect on
spindle length. Decreasing the amount of g-tubu-
lin::GFP with g-tubulin(RNAi) had no effect on
spindle length. For wild-type, n = 4 P0 embryos,
g-tubulin::GFP fluorescence amount 100 A.U.
6 20, spindle length 14.39 mm 6 0.5, and errors
are SD. The embryo boundary is indicated with
a dashed line.
(B) A tpxl-1(RNAi) time course has a strong effect
on spindle length. Decreasing the amount of
TPXL-1::GFP with tpxl-1(RNAi) depleted TPXL-1,
and this reduced spindle length. For wild-type,
n = 4 P0 embryos, TPXL-1::GFP fluorescence
amount 100 A.U. 6 6, spindle length 14.80 mm 6
0.5, and errors are SD. The embryo boundary is
indicated with a dashed line.
(C) TPXL-1::GFP amounts at the centrosome
correlate with spindle length through the early
P lineage divisions. TPXL-1:GFP-expressing
worms were imaged through development, and
TPXL-1 amounts at the centrosome were quanti-
fied for cells in the P lineage (P0, P1, P2). Individual
data points are shown in color; a linear fit is
shown as a black line, slope = 0.0736 0.01 (SEM).
(D) A spd-2(RNAi) time course in TPXL-1::GFP
embryos shows that TPXL-1 amounts at the
centrosome correlate with spindle length.
in reduced amounts of TPXL-1::GFP at centrosomes. For wild-type, n = 4
06 mm6 0.3, and errors are SD. Individual spd-2(RNAi) data points are shown
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Figure 3. Microtubule Density Does Not Correlate with Spindle Length
(A) g-tubulin(RNAi) reduces spindle microtubule density, but spindle length
is unaffected. The distribution of a-tubulin::GFP as a function of distance
from the center of the centrosome was determined for wild-type (n = 8)
and g-tubulin(RNAi) (n = 4) P0 half spindles. Error bars are SD. Inset: repre-
sentative images. The scale bar represents 10 mm.
(B) tpxl-1(RNAi) results in shorter spindles but does not affect spindle micro-
tubule density. The distribution of b-tubulin::GFP as a function of distance
from the center of the centrosome was determined for wild-type (n = 10)
and tpxl-1(RNAi) (n = 10) P0 half spindles. Error bars are SD. Inset: represen-
tative images. The scale bar represents 10 mm.
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355significantly affected. At 22 hr of g-tubulin(RNAi), we could no
longer detect g-tubulin::GFP at the centrosome; under these
RNAi conditions, spindle length remained unchanged
(Figure 2A). It has previously been shown that functional spin-
dles fail to assemble after long g-tubulin(RNAi) treatment [14,
15]. To rule out the possibility that g-tubulin::GFP was prefer-
entially depleted over endogenous g-tubulin during RNAi, we
confirmed these results by using a g-tubulin antibody (Figur-
e S3A). Thus, g-tubulin levels at the centrosome did not corre-
late with spindle length, suggesting that microtubule number
is not a major factor in determining spindle length. Consistent
with this, after 22 hr of g-tubulin(RNAi), there was a significant
reduction in microtubule density within the spindle, but spindle
length was unchanged (Figure 3A). This confirmed that
g-tubulin is required for microtubule nucleation and organiza-
tion at centrosomes, but that the number of microtubules is not
directly correlated with spindle length.We next examined the contribution of TAC-1, a protein that
influences microtubule growth rates together with its binding
partner ZYG-9, a TOG/XMAP215-related protein [16]. Deple-
tion of either TAC-1 or ZYG-9 results in severely reduced
microtubule growth rates [10]. After 24 hr of (tac-1)RNAi, the
TAC-1::GFP signal was not detectable, but this had only a small
effect on spindle length (w15% reduction) (Figure S3B).
Similar results were seen after RNAi of ZYG-9 (data not shown).
The depletion of KLP-7, a member of the kinesin-13 family of
depolymerizing kinesins, results in an increase of centrosomal
microtubules [10, 17]. We used RNAi to deplete KLP-7 in a
g-tubulin::GFP, histone-H2B::GFP worm strain (see Experi-
mental Procedures). As in the tac-1(RNAi) experiment, klp-
7(RNAi) showed only a small reduction in spindle length
(w15% reduction) (Figure S3C). Surprisingly, therefore, neither
the number of microtubules at centrosomes nor their growth
rate had a significant effect on spindle length in the one-cell
C. elegans embryo.
One protein complex that is known to play a role in spindle
assembly is the TPXL-1/Aurora A kinase complex [18, 19].
TPXL-1 is theC. elegans homolog of TPX2 and has been shown
to bind, activate, and target Aurora A kinase to microtubules
[19]. Abolition of the interaction between TPXL-1 and Aurora
A results in centrosomes collapsing onto the chromatin during
mitosis [19]. Furthermore, TPXL-1 is seen on both centro-
somes and spindles during mitosis, and was therefore
a good candidate to link centrosome size and spindle length.
We tested the contribution of TPXL-1 to spindle length by per-
forming a tpxl-1(RNAi) time course in a TPXL-1::GFP line in
which TPXL-1::GFP was previously shown to be functional
[19]. We found that after just 6 hr of tpxl-1(RNAi), less than
10% of wild-type TPXL-1::GFP remained at centrosomes.
Under these conditions, spindle length was greatly reduced
(Figure 2B). The tpxl-1(RNAi) time course showed a strong
correlation between the amount of TPXL-1::GFP at the centro-
some and spindle length. We found a similar reduction in
spindle length after tpxl-1(RNAi) in a worm strain expressing
g-tubulin::GFP and histone-H2B::GFP, but centrosome diam-
eter, as marked by g-tubulin::GFP, remained unchanged
(Figure S3D). These experiments showed that TPXL-1 is
involved in setting spindle length, but not by controlling centro-
some size.
Consistent with a role for TPXL-1, we found that in untreated
worms, centrosomal TPXL-1::GFP levels correlated with
spindle length through development (Figure 2C) (p < 0.005).
We also examined embryos expressing TPXL-1::GFP that
were subjected to a spd-2(RNAi) time course to reduce centro-
some size. When TPXL-1::GFP levels were plotted against
spindle length, they were strongly correlated (Figure 2D) (p <
0.005). Moreover, the data from both these experiments were
remarkably similar. Taken together, this indicates that TPXL-1
amounts at the centrosome are proportional to spindle length,
providing further support for a central role of TPXL-1 in regu-
lating spindle length.
To study how TPXL-1 controls spindle length, we first looked
at the relationship between microtubule density and TPXL-1
levels. We quantified the density of microtubules for both
wild-type and tpxl-1(RNAi) spindles by using a b-tubulin::GFP
strain that fluorescently labels microtubules. We found little
difference in microtubule density between wild-type spindles
and tpxl-1(RNAi) spindles, whose length was 60% of wild-
type (Figure 3B). This indicates that TPXL-1 does not influence
microtubule density, but rather must act by some other
mechanism.
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Figure 4. The TPXL-1 Gradient Decay Length
along Microtubules Scales with Spindle Length
(A) TPXL-1::GFP and tubulin::mCherry distribu-
tion along a metaphase spindle. A line scan was
used to look at the distribution of TPXL-1::GFP
and tubulin::mCherry as a function of distance
from the center of the chromatin. Inset: represen-
tative images. The scale bar represents 10 mm.
(B) TPXL-1::GFP per microtubule shown as the
ratio of TPXL-1::GFP fluorescence to tubulin::
mCherry fluorescence. The profile between the
centrosome and the chromatin was well fit by
an exponential function (CðxÞ= Ae2 x=l + Be + x=l;
black line), characterized by a decay length,
l = 3.967 (additional parameters: A = 0.116,
B = 0.0246).
(C) The decay length, l, of TPXL-1::GFP (deter-
mined as shown in B) changes with tpxl-
1(RNAi). Decreasing the amount of TPXL-1 by
using tpxl-1(RNAi) resulted in shorter spindles
and in a reduced decay length l of the TPXL-1::
GFP/tubulin::mCherry profile. For wild-type,
n = 8 P0 half spindles, half spindle length is
7.25 mm 6 0.2, l is 3.23 mm 6 0.4, and errors are
SD. Individual tpxl-1(RNAi) data points are shown
in green; a linear fit is shown as a black line, slope
= 0.366 6 0.04 (SEM).
(D) The TPXL-1::GFP decay length, l, decreases
as spindle length decreases during development.
TPXL-1::GFP-expressing and tubulin::mCherry-
expressing worms were imaged through devel-
opment, and the TPXL-1 decay rate l and half
spindle length were quantified for cells in the P
lineage (P0, P1, P2). Individual data points are
shown in color; a linear fit is shown as a black
line, slope = 0.374 6 0.02 (SEM).
(E) Schematic illustrating how the characteristic
length scale, l, of the TPXL-1 gradient sets
spindle length.
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356In addition to its localization to centrosomes, TPXL-1 also
localizes to spindles, decreasing in intensity along the spindle
from the centrosome to the chromatin (Figure 4A). To see
whether the TPXL-1 intensity simply reflected the tubulin inten-
sity, we calculated the ratio of TPXL-1 to tubulin intensity along
spindles, which we call C. We found that C formed a gradient
along the spindle microtubules, with a maximum at the centro-
some, decaying toward the kinetochores (Figure 4B). A similar
gradient was observed for Aurora A kinase (Figure S4). The
TPXL-1 gradient could be fit by an exponential function
of the form Cwe2 x=l, where x is the distance from the centro-
some along the spindle, and l is the characteristic length scale
of the gradient (see Experimental Procedures). A tpxl-1
(RNAi) time course in TPXL-1::GFP-expressing and tubulin::
mCherry-expressing worms showed that l decreased as
spindle length decreased (Figure 4C) (p < 0.005). Similar
changes in l were seen as spindles decreased in size through
early development (Figure 4D) (p < 0.005); the data exhibited
a slope similar to that seen in the tpxl-1(RNAi) time course.
A small population of TPXL-1 also accumulated at kineto-
chores, but this TPXL-1 population did not show any consistent
relationship with spindle length (data not shown). Together,
these data show that TPXL-1 decreases away from the centro-
some faster than microtubules, and that the length scale of the
TPXL-1 gradient along spindle microtubules correlates
strongly with the length of the spindle.The change in the shape of the TPXL-1 gradient as spindle
length changes suggests a physical picture in which the char-
acteristic length scale of the TPXL-1 gradient, l, sets spindle
length (Figure 4E). In meiotic systems, gradients around chro-
matin are thought to be key to limiting spindle length [20]. Such
mechanisms are reminiscent of developmental morphogen
gradients, which provide positional information in tissues
[21, 22]. We do not know how the decay length of the TPXL-1
gradient is set. In one simple scenario, TPXL-1 binds to spindle
microtubules at the centrosome and diffuses along microtu-
bules from which it can detach. A TPXL-1 gradient of the
form Cwe2 x=l is then naturally generated, where the TPXL-1
decay length is set by the diffusion coefficient, D, and the
detachment rate, k (l= ðD=kÞ1=2). The fact that the decay
length of TPXL-1 apparently depends on TPXL-1 levels at the
centrosome suggests that the reaction diffusion system
must exhibit some nonlinear, collective behavior. Examples
include a diffusion coefficient or a microtubule detachment
rate that depends on TPXL-1 levels; a more complicated
mechanism involving active transport or an Aurora A kinase
feedback loop could also be at work (see Supplemental
Discussion).
Our data show that cells set spindle length in blastomeres at
least in part by controlling the size of the centrosomes.
Furthermore, our experiments suggest that centrosome size
sets the length of spindles by determining the amount of
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357TPXL-1 on spindles. This is consistent with previous results in
human cells [18], indicating that TPXL-1 and related proteins
may have a conserved role in setting mitotic spindle length.
We do not know the molecular mechanisms by which TPXL-1
and related proteins set spindle length. A TPXL-1/Aurora A
kinase gradient could be read by kinetochores, perhaps by
modulating the detachment rate of kinetochore microtubules.
Another possibility is that the local concentration of TPXL-1/
Aurora A kinase on a microtubule sets a balance point between
microtubule growth and shrinkage. In this case, the problem of
setting the size of the spindle is simplified to that of setting the
length of individual spindle microtubules [23, 24]. Elucidating
the underlying mechanism of how a cell sets centrosome
size, and how this in turn is used to set the length scale of
a TPXL-1 gradient and spindle length, will be interesting direc-
tions for future research.
Experimental Procedures
Worm Strains and RNA Interference
Maintenance of C. elegans worm strains was carried out according to stan-
dard protocols [25]. A complete list of worm strains used in this work can be
found in Supplemental Information. Worms were subjected to both RNAi by
injection, and RNAi by feeding as previously described [26, 27]. The RNAi
method used for each gene, as well as the region targeted is indicated in
Supplemental Experimental Procedures.
Imaging
For live imaging, worms were dissected on glass coverslips in M9 buffer and
then mounted on 2% agar pads. Live-cell imaging was conducted at 20C.
Single-color (GFP or YFP) imaging was carried out on a spinning disc
system consisting of a Zeiss Axio Imager Z1 microscope body, a Yokagawa
spinning disc head, a Melles Griot 488 nm 43 series argon ion laser, and
a Hamamatsu Orca ER 12-bit digital camera. The lens used was a C-Apo-
chromat, 633/1.2 W Korr UV-vis-IR from Zeiss. Two-color imaging (GFP
and mCherry) was carried out by widefield microscopy with a Zeiss
Axioplan 2 microscope body and a Hamamatsu Orca I CCD camera. The
lens used was a Plan-Apochromat, 633/1.4 Oil DIC from Zeiss. MetaMorph
was used to control the microscopes and acquire images. Fixed images
were acquired on a widefield Delta Vision microscope from Applied Preci-
sion, with a Roper Scientific CoolSNAP camera and a Plan-Apo 603/1.42
lens from Olympus. The microscope was controlled by SoftWorx software.
Raw images were computationally deconvolved before image analysis and
then projected for presentation.
Image Analysis
Quantification of cell volume, spindle length, kinetochore amount, and
metaphase plate height, as well as line scans quantifying the distribution
of tubulin, TPXL-1, and Aurora A kinase along the spindle, were all con-
ducted in ImageJ. Matlab was used to fit a Gaussian distribution to the
centrosome, allowing quantification of both centrosome diameter (full width
at half maximum) and centrosomal protein amount. A more detailed
description of the fluorescent markers used and the analysis can be found
in Supplemental Experimental Procedures.
Line Fitting, Curve Fitting, and Statistics
Following line fitting, linear regression was used to determine whether there
was a significant correlation between parameters. A Welch’s t test was used
to determine whether there was a significant difference between two sets of
measurements. Formulae used for both can be found in Supplemental Infor-
mation. For the spindle gradients, Matlab was used to fit the function
CðxÞ=Ae2 x=l +Be+ x=l to the data corresponding to the region between
the centrosome and the chromatin. Details of the curve-fitting procedure
can be found in the Supplemental Experimental Procedures.
Supplemental Information
Supplemental Information includes four figures, Supplemental Discussion,
and Supplemental Experimental Procedures, and can be found with this
article online at doi:10.1016/j.cub.2009.12.050.Acknowledgments
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